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Abstract8

The creep behavior of solders crucially influences solder joint reliability in microelectronic packages. This, in conjunction with the ongoing
industry-wide transition to lead-free solders, has resulted in significant current emphasis on developing approaches for expeditiously creep
testing miniaturized samples of a wide range of solder compositions to determine their suitability for packaging applications. Here we
characterize the creep response of Sn–3.5Ag solders via impression creep testing. The tested microstructures represent a rapidly cooled state,
resembling the highly refined microstructures often found in tiny microelectronic solder joints. It is shown that in the as-reflowed state, the
solder creeps by a viscous glide-controlled mechanism at low stresses due to the presence of a non-equilibrium amount of dissolved Ag in Sn,
and a particle-limited climb mechanism at high stresses. Following slight aging, which allows the dissolved solute concentration to drop to
near-equilibrium levels, the low stress mechanism changes to dislocation climb-control. Based on these observations, a unified view of creep
of Sn–3.5Ag solders is presented, which is consistent with observations of a transition from low to high stress sensitivity with increasing
stress, which has been reported in several studies.
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1. Introduction20

During service, microelectronic solder joints are exposed21

to aggressive thermo-mechanical cycling (TMC), with im-22

posed shear strains and homologous temperatures (Tm)23

frequently approaching 30% and 0.9, respectively. Conse-24

quently, the joint undergoes extensive creep, resulting in the25

accrual of large inelastic strains with progressive cycling,26

which in turn often leads to failure via low-cycle fatigue27

[1]. The creep properties of solders are therefore crucial for28

accurate performance and reliability predictions of micro-29

electronic solders. As the microelectronics industry adopts30

new generations of environmentally friendly lead-free sol-31

ders in response to worldwide legislation, there is a par-32

ticular need to develop comprehensive creep databases of33

these alloys. Therefore, there is significant current interest34

in characterizing the creep behavior of emerging lead-free35

solders, among which the eutectic 96.5%Sn–3.5%Ag is one36

of the most promising. In this article, we report on data37

obtained on Sn–Ag solder via impression creep testing.38

∗ Corresponding author. Tel.:+1-831-656-2851;
fax: +1-831-656-2238.

E-mail address: idutta@nps.navy.mil (I. Dutta).

The technique of impression creep wherein a flat-tipped39

cylindrical indenter is used to load the sample in nominal40

compression, allows steady state to be established within a41

relatively short time[2–6]. The approach requires minimal42

sample preparation, allows multiple creep curves to be gen-43

erated from different locations within the same sample, and44

can reliably replicate uniaxial creep data produced on bulk45

samples[2,3,7]. Furthermore, because of its ability to probe46

small material volumes, the technique is scaleable for test-47

ing of small microelectronic joints, which may behave quite48

differently from the bulk alloy[8]. 49

Although a number of studies on creep of Sn–Ag solders50

have been reported[9–15], there exist significant discrep- 51

ancies in the available data, as shown inTable 1. In gen- 52

eral, all the data can be divided into two stress regimes,53

with the stress exponent n ranging from 4 to 7 in the low54

stress regime, and from 7 to 12 in the high stress regime.55

In most cases, the activation energyQ has been thought to 56

be associated with dislocation core diffusion, although in57

some cases, it falls well below the range of 40–65 kJ/mole58

for core diffusion in pure Sn (seeTable 1). Some of these 59

discrepancies may be attributed to solidification rate depen-60

dent microstructural differences in the experimental samples61

due to differences in sample size (bulk versus small joints).62

1 0921-5093/$ – see front matter © 2004 Published by Elsevier B.V.
2 doi:10.1016/j.msea.2004.03.023
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Table 1
Summary of available creep data on Sn–Ag solder (references[9–15])

Q (kJ/mole) n T/Tm range σ/G range (×104) Qreferencefor Sn

39 [9] 5.5 [9] 0.6–0.80 3–30
51 [11], 66 [12] 10 [11], 5 [12] 0.6–0.92 1–5 Qvol = 108 kJ/mole
25 [10] 12 [10] 0.6–0.87 8–40 [16]
80 [13] 4–5, 7–11[13] 0.66–0.81 2–20 Qgb = 70 kJ/mole
– 11 [14] 0.76 4–12 [16]
80–97[15] 7 [15] 0.6–0.8 3–27 Qcore =40–64 kJ/mole[15,17–19]

Indeed, the creep rate of Sn–Ag solders has been found to63

depend quite significantly on the cooling rate following re-64

flow [14,20]. Furthermore, bulk solder samples usually dis-65

play considerable spatial (i.e. volumetric) variations in the66

microstructure due to differences in local solidification rate67

[21], potentially influencing the resultant data.68

Although obtained on bulk samples, the impression creep69

data reported here, by probing small volumes of material on70

a single sample plane with constant microstructure, avoids71

many of the above pitfalls. It will be demonstrated that de-72

spite some apparent anomalies, the data obtained here are73

fully consistent with a combination of conventional creep74

mechanisms with reasonable values ofn andQ.75

2. Experimental procedure76

2.1. Sample preparation77

Ingots of eutectic 96.5%Sn–3.5%Ag were obtained from78

Alpha Metals, Jersey City, New Jersey, USA. Small pieces79

of this ingot were cut off and reflowed at 553 K in a cylin-80

drical Al mold of 25 mm diameter, 10 mm height and 1 mm81

wall thickness. After reflow, the mold, with the solder in it,82

was quenched in water. In order to prevent the molten solder83

from splattering, a two-step quench was used. The bottom84

of the mold, which consisted of an Al sheet about 0.25 mm85

in thickness, was first brought briefly in contact with water86

till a solid skin formed on the free surface (∼2 s), followed87

by complete immersion in the quenching medium. This pro-88

cedure, which resulted in a cooling rate of∼31 K/s between89

553 and 463 K, and∼20 K/s between 463 and 333 K at the90

bottom surface of the sample, produced a highly refined mi-91

crostructure resembling microstructures often found in tiny92

flip-chip (FC) and ball-grid array (BGA) microelectronic93

solder joints1. Subsequently, the sample was extracted from94

the mold, and the bottom surface was ground and polished95

to a 1�m finish in preparation for impression creep testing.96

Fig. 1ashows the microstructure of the bottom surface in97

the as-reflowed state, revealing secondary dendrite arms of98

1 Although the nominal cooling rate of microelectronic packages in
the reflow furnace is typically around 3–5 K/s, local cooling rates of the
tiny solder balls in the package can be substantially greater, necessitating
the use of high cooling rates on bulk samples in order to reproduce
microstructures found in small joints.

primary �-Sn, with intervening regions of a highly refined99

eutectic microconstituent.Fig. 1bshows a magnified scan-100

ning electron micrograph (using secondary electrons), re-101

vealing that the divorced eutectic microconstituent between102

primary Sn regions comprises a uniform dispersion of very103

fine (∼0.3–0.5�m) Ag3Sn particles in a�-Sn matrix. Af- 104

ter sample preparation, the solder specimens were stored at105

Fig. 1. (a) Optical micrograph of the test sample showing secondary den-
drites of primary�-Sn, with intervening regions of eutectic. (b) Secondary
electron image showing that the eutectic comprises of a dispersion of
very fine (0.3–0.5�m) Ag3Sn particles in a�-Sn matrix.
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Fig. 2. Schematic of the experimental apparatus for impression creep testing.

273 K in order to prevent natural aging of the microstructure106

until they were ready to be tested.107

2.2. Impression creep testing108

The test sample was placed on a self-leveling specimen109

platform, which was mounted on anX–Y translation stage110

so that multiple tests could be run on the sample without111

removing it from the self-leveling arrangement. A 1 mm di-112

ameter flat-tipped cylindrical tungsten punch, connected to113

a servo-hydraulic MTS frame equipped with an appropriate114

load cell was utilized to apply a constant load, which pro-115

duced a nominally constant compressive punch stressσp on116

the sample. The resulting time-dependent punch displace-117

mentδ (i.e. the impression depth) was measured with a ca-118

pacitance displacement gauge attached to the punch chuck.119

Dual radiant heaters interfaced by a proportional controller120

were used to heat both the sample and the punch simultane-121

ously during testing. The instrumentation allowed load, dis-122

placement and temperature stabilities of±0.05 N,±0.06�m123

and±0.1◦C, respectively. A schematic of the apparatus is124

shown inFig. 2. The creep tests covered aσp
2 andT ranges125

of 12–50 MPa and 323–423 K, respectively, resulting in a126

σp/G range of 5× 10−4 to 5 × 10−3, and T/Tm range of127

0.65–0.86, where the shear modulusG is given byG (MPa)128

= 19406.67− 28.2T ◦C [9].129

Even though the specimen stage was self-leveling (via130

a universal ball-joint mount), it was found that maintain-131

ing perpendicularity between the punch axis and the spec-132

imen surface was very difficult. This was evidenced by133

punch impressions which were frequently gibbous even after134

prolonged testing. This resulted in an exaggerated primary135

stage, making the establishment of a true steady state diffi-136

cult in reasonable time. In order to circumvent this problem,137

the following test methodology was adopted. The specimen138

was first indented using a punch stress of 50 MPa in order139

to ensure complete contact between the punch tip and the140

2 The punch stressσp is about 3–3.5 times the equivalent uniaxial
compressive stress, depending on the specific material properties[22,23].

sample. Then, the applied stress was reduced to 1 MPa, and141

held constant at the test temperature for 5–8 h in order to142

allow the plastic zone under the punch to recover partially.143

Subsequently, the applied stress was increased to the test144

stress and held constant to produce the creep curve. In ad-145

dition to establishing complete contact between the punch146

and sample, this procedure, by creating a fully developed147

plastic zone under the punch prior to the creep test, allows148

the Von–Mises effective stress distribution under the punch149

to be rapidly stabilized, substantially shortening the time re-150

quired to achieve a steady-state impression velocity[23]. 151

For power law creep behavior, the steady state impression152

velocity is given by 153

V = A′f(φ)

(
Gb

kT

)(σp

G

)n

e−Q/RT (1)
154

where σp ≈ 3.5× the equivalent uniaxial stress (σ), the 155

constantA′ incorporates the Dorn constantA, as well as a 156

factor to convertσ to σp, andf(φ) is a function of the punch157

diameterφ, such thaṫδ/f(φ) is the average creep strain rate158

in the plastic zone under the punch. It has been shown that159

the parameterf(φ), representing the depth of the plastic zone160

under the indenter, stays approximately constant and equal161

to φ during steady state creep[22]. Thus, sinceA′, f(φ), b 162

andk are constants. 163

VT

G
∝
(σp

G

)n

e−Q/RT (2) 164

this allows us to obtain the activation energyQ from a plot 165

of ln[VT/G] versus 1/T at constantσp/G, and the stress ex-166

ponentn from a plot of ln[VT/G] versusσp/G at constantT . 167

3. Results and discussion 168

Fig. 3 shows examples of impression creep plots for169

the as-reflowed solder at various stresses and tempera-170

tures. Clearly, complete creep curves are obtainable via171

this technique in a relatively short time, with a steady state172

impression velocityV being established within about 4–5 h173

for most test conditions.Fig. 4 shows a plot of the quantity174

MSA 17824 1–10
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Fig. 3. Typical impression creep plots for Sn–3.5Ag solder at various
stresses and temperatures.

V(T/G) versus modulus compensated punching stress (σp/G)175
at various temperatures. The plots for 323, 373 and 398 K176

naturally divide into low and high stress regimes, exhibiting177

a clear mechanism transition from power-law withn ≈ 3178

in the low stress regime, and a greater stress dependence179
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423K

n=3.02

373K

398K

n=3.04

n=2.92

323K

na=8.6

na=9.4

na=9.32

Fig. 4. Punch stress dependence of impression velocity. The data naturally
divide into high and low stress regimes, withn ≈ 3 for 323–398 K in the
low stress regime, andnapp ∼ 9 in the high stress regime. At 423 K, a
greater stress dependence (n ≈ 4.4) is observed in the low stress regime.

at higher stresses. The apparent stress exponent (napp) in 180

the high stress regime is∼9. At 423 K, the plot shows a181

greater slope, corresponding ton ≈ 4.4. The reason for the182

different behavior at 423 K will be discussed later. 183

The observed mechanism transition from low to high184

stresses at 323–398 K is consistent with observations of two185

distinct regimes of creep in both pure Sn and Sn-based sol-186

ders[13]. However, ourn value of 3 is lower than those ob-187

tained by other investigators (typically,n ∼ 4–5 [9,13,24]). 188

This is attributable to the different starting microstructure,189

as dictated by the cooling rate, and will be discussed below.190

Although, in consistence with our observations, creep in the191

high stress regime has been previously described as being192

governed by power-law with a high stress exponent∼8–11 193

[10,11,13–15,20], a mechanism to explain this transition to194

a highn-value has been elusive. This issue is addressed in195

further detail subsequently. 196

Fig. 5 shows plots of ln[V (T /G)] versus 1/T at constant 197

σp/G values in both the low and high stress regimes. In the198
low stress regime (σp/G < 2 × 10−3), the activation en- 199
ergyQ is 43–46 kJ/mole. This value is in agreement withQ 200

values of 46 kJ/mole obtained via impression creep of sin-201

gle crystal�-Sn [24], and compares reasonably well with202

Q of ∼40 kJ/mole obtained via testing of Sn–3.5Ag solder203

bumps in a double lap-shear geometry[9]. However, ourQ 204

value is considerably smaller than other reported values of205

60–85 kJ/mole in the low stress regime[12,13], suggesting 206

that a different mechanism is operative. In the high stress207
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0.0025 0.0026 0.0027 0.0028 0.0029 0.003 0.0031

ln
(V

T
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),
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P
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1/T, K-1

Q=42.94 kJ/mole

Q=45.5 kJ/mole

Q
app

=66.2 kJ/mole

Q
app

=65.3 kJ/mole

(σ
p
/G=1.87e-3)

(σ
p
/G=2.98e-3)

(σ
p
/G=3.81e-3)

Bulk Sn-3.5Ag
(Quenched @ ~30K/s)

(σ
p
/G=1.1e-3)

Fig. 5. Temperature dependence of impression velocity, showing that in
the low stress regime (wheren ∼ 3), the activation energyQ ranges from
43 to 46 kJ/mole. In the high stress regime, the apparent activation energy
Qapp ≈ 66 kJ/mole.
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regime (σp/G ≥ 2.8 × 10−3), the apparent activation en-208

ergy is 65–66 kJ/mole, and is nominally consistent with the209

acitvation energy of core diffusion in Sn[15].210

Although there is significant discrepancy in the reported211

activation energy data for Sn and Sn-based solders because212

of the high degree of anisotropy in tetragonal Sn, andQ val-213

ues of 40–60 kJ/mole are often associated with dislocation214

pipe diffusion in Sn[9,17,18,24], then value of 3 obtained215

here in the low stress regime is inconsistent with a dislo-216

cation pipe diffusion assisted climb-controlled creep mech-217

anism. However, ourQ value of∼45 kJ/mole is nominally218

consistent with the value of 50 kJ/mole reported for diffu-219

sion of Ag in Sn[16]. This, in conjunction withn ≈ 3,220

strongly suggests that for the rapidly cooled microstructures221

of this study (∼30 K/s), viscous glide of dislocations, lim-222

ited by solute-drag, is the rate controlling mechanism. The223

rapid cooling rate enables a non-equilibrium amount of Ag224

atoms to be retained in solution in Sn, allowing the solute to225

interfere with slip, which becomes slower than climb, thus226

becoming rate-controlling (class A, i.e. alloy, behavior).3227

The condition for transition from climb-controlled class228

M (pure metal) to glide-controlled class A behavior may be229

expressed as[26,27]:230

( σ

G

)2 ≥ 1

ς

[
kT

eGb3

]2(1

c

)(
Gb

γ

)3
(

D̃

Dv

)
(3)

231

wherec is the solute (Ag) concentration in the�-Sn matrix,232

D̃ the Ag diffusivity in Sn,Dv the volume self-diffusivity233

in Sn, γ the stacking fault energy of Sn,ς the constant234

with a value on the order of 1012 for most metals,k235

the Boltzmann constant,b the Burger’s vector, ande the236

solute–solvent size difference[26]. The value ofe can be237

estimated to be∼0.086 from the free atomic radii of Sn and238

Ag (1.4 and 1.52 Å, respectively[28]). Although there are239

two prominent Burger’s vectors in Sn, the most active slip240

system appears to be(1 1 0)1/2〈1 1 1〉 [24,29,30], yielding241

b = 4.418 Å. The data for the stacking fault energy of Sn242

is not readily available, but it is thought to be relatively243

high since transmission electron microscopy does not re-244

veal widely spaced partials[29]. Hence, we estimateγ to245

be ∼100 J/m2. The volume self-diffusivity of Sn is given246

by Dv ≈(12.8 × 10−4) exp (−109,000/RT) m2/s [16,31],247

whereas the inter-diffusivity of Ag in Sn may be expressed248

asD̃≈ (7.1× 10−7) exp(−51,500/RT) m2/s [16], producing249

D̃/Dv ≈ 4.6×108 at 373 K. Since the solubility limit of Ag250

in Sn is∼0.09% at the eutectic temperature (494 K)[32], we251

assume that at the creep test temperatures,c ≈ 0.0005 (i.e.252

0.05%). However, if the Sn–3.5%Ag alloy is rapidly cooled253

after reflow (e.g. at∼30 K/s, as in this study), it is likely254

3 The retention of a non-equilibirum amount of Ag in Sn following
quenching has been evidenced by an increase in ambient temperature
flow stress following aging (1–3 days at 453 K), which is attributable to
increased precipitation of Ag3Sn as the excess Ag comes out of solution
[W.D. Armstrong, University of Wyoming, Private Communication].

that as much as 1 at.% of the Ag may be retained in solution255

in Sn within the interdendritic eutectic regions (seeFig. 1a). 256

Inserting these values intoEq. (3), we find that at 373 K, the257

transition from climb-control to viscous glide will occur at258

σp/G ≈ 3× 10−3 for c = 0.0005, but atσp/G ≈ 5× 10−4 259

for c = 0.01.4 Comparing these results withFig. 4, it is 260

observed that then = 3 region at 373 K extends down to261

σp/G ∼ 8 × 10−4, which is above the predicted start of262

glide-control atσp/G ≈ 5 × 10−4 at this temperature. This263

was also found to be true for the other temperatures, where,264

the assumption of 1%Ag in solution satisfied the condition265

for viscous glide (i.e.Eq. (3)) over the low stress regime266

for all the plots inFig. 4. Thus the calculation above shows267

that in Sn–3.5Ag, viscous drag can operate if a sufficient268

amount of solute is retained in solution during quenching.269

However, when an equilibrium amount of solute is present270

in solution, the transition to viscous drag can theoreti-271

cally occur only at highσp/G values (e.g. 3× 10−3 for 272

c = 0.0005 at 373 K), where, as seen inFig. 4, it is masked 273

by a faster mechanism. Clearly, for Sn–Ag alloys which274

contain an equilibrium amount of solute, or which are only275

slightly supersaturated, viscous drag cannot occur, and276

the low stress regime is dominated by a climb-controlled277

mechanism withn ∼ 4–5 (e.g.[9,12,13]).The plot at 423 K 278

shows a different behavior from that observed at 323–398 K.279

These tests were conducted on a sample which had already280

been subjected to over 200 h of testing at 398 K and sev-281

eral hours at 423 K. This inadvertent aging allowed Ag to282

precipitate out of the supersaturated Sn in the form of ad-283

ditional Ag3Sn particles, thereby reducing c, and causing284

the creep mechanism to transition to climb-control with285

n ≈ 4.4. Despite this transition from glide atT ≤ 398 K 286

to climb-control at 423 K, it is observed that the creep287

rate at 423 K is not as high relative to 398 K as would be288

expected. This is probably because the increased amount289

of Ag3Sn dispersion slows the rate of climb-controlled290

creep in proportion to the particle size and volume fraction291

[34,35]. 292

At high stress levels, the creep rate displays a substantially293

greater stress dependence than those indicated by glide or294

climb control. There are three possible mechanisms which295

may explain this. These are: (1) the start of power-law break-296

down (PLB); (2) breakaway of gliding dislocations from so-297

lute atmosphere, leading to a transition from glide-control298

to climb control; and (3) transition to particle-limited climb299

with a highn. 300

Creep via PLB typically occurs at diffusivity normalized301

strain rate (̇ε/Dv) values of >1013 m−2 [38]. Inspecting the 302

present data (e.g. at 373 K), we observe that the high stress303

regime (with enhanced stress sensitivity) begins around 5× 304

1011 m−2 at 373 K. This is nearly one and a half orders of305

magnitude below thėε/Dv value at which PLB creep is306

4 Here we useσp ≈ 3.5σ to convert the stress inEq. (3) into punch
stress.
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expected to begin, and therefore, this mechanism may be307

discounted.308

For the microstructural condition which undergoes vis-309

cous glide controlled creep (n = 3) at low stresses, the310

greater stress sensitivity at higher stresses may also represent311

dislocation breakaway from solute atmospheres[27,39], the312

critical breaking stress being given by313

σb = Wm
2c

5b3kT
(4)314

wherec is the solute atom concentration in the matrix, and315

Wm is the binding energy between solute atoms and dislo-316

cations. Putting in appropriate numbers for the various pa-317

rameters (Wm ≈ 3 × 10−20 J, c ≈ 0.01), we find that at318

373 K,σb/G ≈ 3×10−4. Since punch stress≈ 3.5σ, we ob-319

tain for the normalized breakaway punch stress,σb,punch/G320

≈ 1.1×10−3. Although this is close to the observed start of321

the high stress region, breakaway is unlikely to be the oper-322

ative mechanism in the high stress regime for two reasons.323

First, following breakaway, the stress exponent n is expected324

to settle at a value corresponding to climb-controlled creep325

(i.e. n ∼ 4–5) [27]. However, in the present case, the stress326

sensitivity in the high stress regime is considerably larger327

(napp∼ 9). Secondly, while breakaway is a viable high stress328

mechanism when creep is glide-controlled at low stresses329

(n = 3), it is not consistent with climb-controlled creep in330

the low stress regime. As noted inFig. 4, the beginning of331

a highnapp region can be discerned even whenn ≈ 4.4 in332

the low stress regime at 423 K. Furthermore, high stress ex-333

ponents on the order of 9–11 have been frequently noted at334

high stresses in a range of studies[10,11,13–15,20], even335

in the absence of ann = 3 (viscous glide) region at low336

stresses, necessitating a mechanism other than breakaway to337

be invoked to rationalize the high stress behavior of Sn–Ag338

solders.339

In order to gain insight into the mechanism operative in340

the high stress regime (napp ∼ 8.6–9.2) inFig. 4, the data341

from this region was plotted as (VT/G)1/n versusσp/G, with342

n = 6–9 in increments of 0.5. Of these,n = 6.5 gave the343

best fit for all three temperatures (323, 373, and 398 K).344

Fig. 6shows a plot of (VT/G)1/6.5 versusσp, revealing that at345

each temperature, there is a temperature-dependent threshold346

stressσth, below which creep does not occur. The presence of347

this threshold stress suggests that the Ag3Sn particles present348

in the microstructure play a role in determining the creep349

response of the alloy at high stresses. These observations are350

nominally consistent with those of reference 15 on Sn–Ag,351

where a true stress exponent ofn = 7 was observed in352

conjunction with the presence of a threshold stress. This kind353

of behavior is usually attributed to particle-limited climb,354

where creep is controlled by climb of dislocation segments355

over particles, with the particle–matrix interface exerting an356

attractive force on the dislocation segment, and the threshold357

stress representing the stress required to cause thermally358

activated detachment of the dislocation segment from the359

particle [33]. The detachment stressσth may be expressed360
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T
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p
/G

n=6.5
n=6.5

n=6.5

373K

323K

398K

Bulk Sn-3.5Ag
(Quenched @ ~30K/s)

High Stress Regime

Fig. 6. Plot of (VT/G)1/6.5 vs. σp, revealing that at each temperature,
there is a threshold stressσth, below which creep does not occur. The
threshold stressσth is weakly temperature dependent.

as[35]. 361

σth = σ0

√
1 − k2 (5) 362

where σ0 ≈ √
3(Gb/λ) is the Orowan stress,λ the av- 363

erage interparticle spacing, andk = cosγ is a relaxation 364

factor, γ being the equilibrium contact angle between the365

particle–matrix interface and the dislocation segment under-366

going climb. For attractive particles,γ is between 0 and 90◦. 367

Image analysis of the as-reflowed microstructure shown in368

Fig. 1 has shown that the mean Ag3Sn particle size in the369

divorced eutectic is 0.4–0.5�m. Estimating the correspond-370

ing inter-particle spacing asλ = 0.8�m, and assuming that371

γ = 45◦, we obtainσth/G ∼ 4× 10−4, which is equivalent 372

to aσp,th/G (modulus compensated threshold punch stress)373

of ∼ 1.4 × 10−3. This is very close to the values observed374

for σp,th/G in Fig. 6 (1.4 × 10−3 at 323 K, 1.15× 10−3 at 375

373 K, and 9.53 × 10−4 at 398 K). This strongly suggests376

that the particles indeed contribute to the threshold by the377

departure-site pinning mechanism proposed by Dutta[35]. 378

Recalculating the data for the high stress regime by plot-379

ting ln(VT/G) versus 1/T for a constant value of (σ–σth)/G, 380

as shown inFig. 7, we obtain for the true activation en-381

ergy in this regime, a value ofQ ∼ 61–65 kJ/mole. These382

values are very close to the estimated value of 64 kJ/mole383

for dislocation core diffusion[15], which is clearly the op- 384

erative diffusion mechanism. Furthermore, then value of 385

6.5 is consistent with dislocation core diffusion controlled386

climb, the stress exponent for volume diffusion controlled387

climb being∼4.5, with then increasing by an additional in-388
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ln
 (

V
T

/G
),

 µ
m

-K
/M

P
a-

s

1/T, K-1

Bulk Sn-3.5Ag
(Quenched @ ~30K/s)

Q = 61.3kJ/mole

Q = 64.9kJ/mole

Q = 64.8kJ/mole

(σ-σ
th

)/G = 1.8e-3

(σ-σ
th

)/G = 2.13e-3

(σ-σ
th

)/G = 2.66e-3

Fig. 7. Plot of ln(VT/G) vs. 1/T for a constant value of (σ–σth)/G,
showing that the true activation energy in the high stress regime,
Q ∼ 61–65 kJ/mole.

crement of two due to the stress-dependence of dislocation389

density.390

As observed inFig. 4, even at 423 K, where creep is391

climb-controlled in the low stress regime, the start of a tran-392

sition to a high stress exponent regime at high stresses is393

discernible, although sufficient data are not available to con-394

clude this with certainty.395

4. Creep mechanisms in Sn–3.5Ag: a unified view396

The present experimental results suggest that the creep397

response of Sn–Ag solders is controlled by the behavior of398

the divorced eutectic microconstituent which constitutes the399

continuous matrix in which the�-Sn dendrites are embed-400

ded, since it is the slower creeping of the two microstruc-401

tural constituents. Based on the discussion in the preceding402

section, the total creep rateε̇T of Sn–3.5Ag solder may be403

written as the sum of two mechanisms, which occur simul-404

taneously (i.e. in parallel with each other)405

ε̇T = ε̇gc + ε̇pc (6)406

whereε̇gc is the strain rate due to the glide-climb mechanism407

(where either viscous glide or climb is rate controlling), and408

ε̇pc is the strain rate due to particle-limited climb.409

As noted before, the glide-climb mechanism domi-410

nates the observed creep behavior at low stresses, whereas411

the particle-limited climb mechanism dominates at high412

stresses. A pictorial summary of these mechanisms is pro-413

vided schematically inFig. 8. 414

For the glide-climb mechanism, the rate controlling pro-415

cess is either viscous glide or climb of dislocations, which416

occur in series. The rate due to glide-climb can therefore be417

written as 418

ε̇gc = ε̇gε̇c

ε̇g + ε̇c
(7)

419

whereε̇g andε̇c are the rates of the viscous glide and climb420

processes, respectively. Whenε̇g � ε̇c (i.e. when the left 421

side ofEq. (3)is much greater than the right side),ε̇gc ≈ ε̇g, 422

and this yieldsn ∼ 3, as observed inFig. 4 at 323–398 K. 423

The corresponding creep rate is given by 424

ε̇g = Ag

(
Gb

kT

)( σ

G

)3
e−QAg in Sn/RT (8)

425

where the activation energy for diffusion of Ag in Sn,426

QAginSn ≈ 45 kJ/mole. 427

If, on the other hand,̇εg � ε̇c, the rate of glide-climb is 428

given byε̇gc ≈ ε̇c, resulting inn ∼ 4.4. Here,̇εc is given by 429

ε̇c = Ac

(
Gb

kT

)( σ

G

)4.4
e−QSn/RT (9)

430

where QSn is the activation energy for climb-controlled431

creep, and represents either volume or dislocation pipe dif-432

fusion in Sn. In the present work,QSn was not determined,433

although ann value of 4.4 would typically suggest a volume434

diffusion-controlled climb mechanism, withQSn= Qvol ≈ 435

107 kJ/mole. However, in Sn-based solders, ann value 436

of 4–5 has also been associated with climb controlled by437

dislocation core diffusion, withQSn ∼ 80 kJ/mole[13]. Ad- 438

ditional experiments are needed to determineQSn for the 439

highly refined microstructure of the present work.As noted440

in the previous section, the transition from climb-control to441

glide-control occurs below theσp/G range of the present442

data (Fig. 4), when a large, non-equilibrium amount of Ag443

is retained in solution in the�-Sn matrix in the eutectic444

region due to rapid cooling following reflow. This results in445

glide-controlled creep in the low stress regime. On the other446

hand, when, after extended exposure to elevated temperature447

(as for the sample tested at 423 K), the dissolved Ag concen-448

tration drops to near-equilibrium levels, the transition from449

climb to glide control can only occur at highσp/G values, 450

allowing creep in the low stress regime to be controlled by451

climb. In either case, because of the presence of Ag3Sn par- 452

ticles in the Sn-matrix (within the divorced eutectic region),453

a separate accommodation process must operate around the454

particles in order for the matrix to deform without caus-455

ing decohesion at the particle–matrix interfaces. This can456

occur either by the generation of geometrically necessary457

dislocations around particles, or by stress-assisted diffu-458

sion along the particle–matrix interfaces, the latter being459

the likelier process at the low stresses of interest. Clearly,460

this accommodation process needs to occur more rapidly461
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Fig. 8. A pictorial summary of the operative creep mechanisms in Sn–Ag. A schematic of the microstructure consisting of primary� embedded in a
divorced eutectic matrix is shown in (a). The overall deformation of the “composite” microstructure is controlled by the behavior of the eutectic, which
deforms via glide-climb (“g” and “c”) at low stresses (b), and by particle-limited climb (“pc”) at high stresses (c). Dislocation sources are represented
by “S”.

than the rate-controlling process. Indeed, at the high ho-462

mologous temperatures involved, stress-assisted interfacial463

diffusion, which typically displays a low activation energy464

for many materials systems[36,37], is expected to be quite465

rapid.466

In addition to dislocations that cause deformation by the467

glide-climb process by passing through the matrix regions468

between particles (∼0.8–1�m wide) as described above,469

many dislocations also get stuck at the Ag3Sn particles. As470

σp/G increases, an increasing number of dislocation sources471

start operating (within the eutectic microconstituent, as well472

as at the primary�-Sn/eutectic boundaries), and the num-473

ber of dislocations getting stuck at particles increases (see474

Fig. 8). Because of the attractive nature of the interfaces,475

these dislocations are unable to participate in deformation476

of the matrix via climb over particles at stresses lower than477

the detachment threshold. But once the Von–Mises equiv-478

alent stress exceeds the threshold stress for dislocation de-479

tachment from particle–matrix interfaces (σth), these pre-480

viously stuck dislocations lead to a parallel deformation481

mechanism, particle-limited climb, with a strain rate ofε̇pc,482

given by 483

ε̇pc = Apc

(
Gb

kT

)(
σ − σth

G

)6.5

e−QSn,Pipe/RT (10)
484

whereQSn,pipe ≈ 65 kJ/mole is the activation energy for pipe485

diffusion in Sn, and the threshold stress sth is on the order of486

3×10−4G.5 With increasing effective stress (s–sth), the rate 487

of this mechanism increases rapidly, ultimately exceeding488

the rate of creep via glide-climb. InFig. 4, this occurs at 489

σp/G values around 1×10−3 to 3×10−3 at all temperatures.490

It should be noted that when tests are conducted only at491

high stresses, only the particle-limited climb mechanism is492

likely to be discernible, as in the recent work by Huang493

et al. [15], particularly when most of the excess solute has494

already precipitated out as Ag3Sn particles. All data reported495

5 As seen in Fig. 6, the threshold stress appears to have a weak
temperature-dependence, the modulus compensated threshold punch stress,
σp,th/G, being 1.4 × 10−3, 1.15 × 10−3 and 9.53 × 10−4 at 323, 378
and 398 K, respectively. This is equivalentσth/G values of 4× 10−4,
3.2 × 10−4, and 2.72× 10−4 at 323, 378 and 398 K, respectively.

MSA 17824 1–10



U
N

C
O

R
R

E
C

TE
D

 P
R

O
O

F

I. Dutta et al. / Materials Science and Engineering A xxx (2004) xxx–xxx 9

in reference[15], as well as those re-analyzed in reference 15496

based on previous work[40,41]correspond toσ/G > 4.4×497

10−4, which is equivalent toσp/G > 1.5 × 10−3, where,498

consistently with the present work, particle-limited climb499

operates. The presence of a high apparent stress-exponent500

(n ∼ 10.6) region at modulus compensated shear stresses501

(τ/G) greater than∼8 × 10−4 (i.e. σp/G ∼ √
3 × 3.5 ×502

8 × 10−4 ≈ 5 × 10−3), as noted in reference[13], is also503

nominally consistent with the transition from glide-climb504

control to particle-limited climb control noted in the present505

work atσp/G ∼ 2 × 10−3–3× 10−3).506

Thus, in general, at low applied stresses, climb-controlled507

creep would be expected in Sn–3.5Ag for low levels of Ag508

supersaturation of the eutectic�-Sn, whereas a transition to509

viscous glide-controlled creep would be expected for high510

levels of supersaturation. At high stresses, the expected511

mechanism is core-diffusion controlled particle-limited512

climb with a threshold stress. The precise details of the oper-513

ative creep mechanism(s), and the regime of transition from514

glide-climb to particle-limited climb, are of course, depen-515

dent on the solder microstructure, which in turn is strongly516

dependent on reflow (i.e. solidification) conditions[20,21].517

5. Conclusions518

The creep behavior of Sn–3.5Ag solder with a rapidly519

cooled microstructure was studied via impression creep test-520

ing. In the as-reflowed state, the microstructure, which con-521

sists of secondary dendrites of�-Sn interspersed with a522

highly refined divorced eutectic structure consisting of fine523

particles of Ag3Sn in a� matrix, allows supersaturation of524

the�-Sn. At low stresses, this causes the solder to deform via525

viscous glide-controlled creep (n ≈ 3) with the rate of glide526

being limited by diffusion of Ag through Sn (Q ≈ QAginSn).527

At high stresses, where many more dislocation sources start528

operating, solder creep becomes controlled by dislocation in-529

teraction with Ag3Sn particles (particle-limited climb), with530

the emergence of a threshold stress,n ≈ 6.5, and an acti-531

vation energy close to that of dislocation pipe diffusion in532

Sn (Q ∼ QSn,pipe). After limited aging of the microstructure533

which allows reduction of supersaturation, then = 3 region534

is no longer observed, and is replaced by a dislocation-climb535

controlled regime (n ≈ 4.4) at low stresses. The region of536

high stress sensitivity at high stresses, however, still appears537

to exist. Based on these observations, a unified view of the538

creep behavior of Sn–3.5Ag is presented. It is suggested that539

Sn–3.5Ag solders deform by two simultaneously operative,540

parallel mechanisms—glide-climb, which dominates at low541

stresses, and particle-limited climb, which dominates at high542

stresses, where dislocations climbing over attractive Ag3Sn543

particles are able to detach themselves from the interface.544
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